[1] Abstract: We report here results from a deep tow magnetic survey over Middle Valley, Juan de Fuca Ridge. A series of track lines are combined to generate a high-resolution map of the magnetic field anomaly within a 10 Â 12 km region surrounding the Bent Hill massive sulfide (BHMS) deposit. A uniformly magnetized body (5 A/m) with a cross section approximating the body inferred from Ocean Drilling Program (ODP) drilling can account for the observed near-bottom magnetic anomaly amplitude. Assuming this magnetization is entirely induced, the average susceptibility (0.11 SI) corresponds to $3.5% magnetite + pyrrhotite by volume, consistent with the abundance of these phases observed in drill core samples. However, this uniform magnetization model significantly underestimates the magnetic anomaly measured a few meters above the seafloor by submersible, indicating that the upper portion of the sulfide mound must have a significantly higher magnetization ($10% magnetite + pyrrhotite) than at deeper levels. On a larger scale, the near-bottom magnetic anomaly data show that basement magnetizations are not uniformly near zero, as had been inferred from analysis of the sea surface anomaly pattern. We interpret this heterogeneity as reflecting primarily differences in the degree of hydrothermal alteration. Our results highlight the potential of magnetic anomaly data for characterizing hydrothermal deposits where extensive drill core sampling is not available.
Introduction
[2] At sedimented ridges, hydrothermal circulation is confined beneath relatively impermeable sediments, which restrict heat and fluid flux out of the system [Davis and Fisher, 1994] , and consequently discharge is focused into widely separated vent fields. Hydrothermal activity in these settings can produce significant massive sulfide deposits that may be of economic significance. Key factors leading to the development of massive sulfide deposits include the interaction of seawater with hot oceanic crust and often the subsequent reaction of these fluids with organic-rich sediments. Such ''Kieslager'' or ''Besshi'' type massive sulfide deposits are commonly found in the geological record and may be extremely large (e.g., Ducktown, Tennessee; Windy Craggy, British Columbia). The most prominent modern Besshi-type deposits are found in the Guaymas basin [Gieskes et al., 1982] , the Escanaba Trough (Gorda Ridge [Zierenberg et al., 1993] ) and in Middle Valley (Juan de Fuca Ridge [Davis et al., 1987] ).
[3] Middle Valley, a sediment covered axial valley at the northern end of the Juan de Fuca Ridge (Figure 1 ), has been the target of extensive geophysical investigations and was a major focus of Ocean Drilling Program (ODP) Legs 139 and 169. The rift valley has been buried by from 200 m to more than 1000 m of turbiditic and hemipelagic sediments derived from the adjacent continental margin during the Pleistocene sea level low stand. A number of hydrothermal centers have been documented in Middle Valley. In this paper, we focus primarily on the inactive massive sulfide mound located south of Bent Hill, a 500-m diameter feature that rises $60 m above the surrounding seafloor. The Bent Hill massive sulfide (BHMS) deposits were produced by high-temperature fluids ($350-4008C [Goodfellow and Peter, 1994; Peter et al., 1994] ), with a significant volume of the deposit likely already formed 200-140 kyr ago [Mottl et al., 1994] . Despite its proximity to Bent Hill, a variety of lines of evidence indicate that the BHMS deposit is not genetically related to the intrusions that resulted in the uplift of Bent Hill [Mottl et al., 1994] . [4] We collected near-bottom magnetic anomaly data over the BHMS in order to corroborate the overall dimensions and hemispherical shape of the deposit inferred from drill core data [Fouqet et al., 1998 ] and to provide additional constraints on the integrated properties of this ore deposit. The reduced to the pole magnetic anomaly is nearly circular, with a width of 150 m EW and 190 m NS at half peak value. Forward magnetic models approximating the hemispherical source and with an induced magnetization of $5 A/m (susceptibility 0.11 SI) match the observed anomaly. Moreover, this same source model with a density contrast of 2300 kg/m 3 yields a gravity signal of 3.5 mgal, close to estimates from a previous on bottom gravity survey [Ballu et al., 1998 ]. Comparison of our near-bottom magnetic anomaly data with a previous submersible survey a few meters above the sulfide mound [Tivey, 1994a] indicates that the upper portion of the sulfide mound must have a significantly higher magnetization than at deeper levels.
[5] Near-bottom magnetic anomaly variations away from Bent Hill also provide insights into the effects of hydrothermal alteration on the magnetization of the seafloor basalts. Analyses of sea surface magnetic surveys suggest near-zero magnetization within Middle Valley [Currie and Davis, 1994; Davis and Lister, 1977a] . The low magnetizations in this and other sedimented ridge settings have been attributed to either the destruction of remanence-carrying phases during extensive hydrothermal alteration or to the demagnetizing effect of elevated temperatures [Larson et al., 1972; Levi and Riddihough, 1986; Currie and Davis, 1994] . Our deep tow magnetometer results indicate finite but small magnetization throughout much of the valley. Together with other geophysical data, these results allow us to investigate the relative importance of temperature and alter-ation in affecting magnetization in the region.
Middle Valley
[6] Middle Valley is the northernmost segment of the Juan de Fuca Ridge (Figure 1 ). It is terminated by the Sovanco transform fault to the north, with the NE-trending Nootka fault forming a tectonically complicated triple junction between the Pacific, Explorer, and Juan de Fuca plates [Davis and Currie, 1993] . The full spreading rate of the Juan de Fuca Ridge is 6 cm/yr, but most of the recent extension at the northern end of the Juan de Fuca Ridge is focused in West Valley, just west of Middle Valley as a result of a recent westward ridge jump. Normal faults mark the valley boundaries to the east and west. An additional west-facing normal fault in the center of the valley separates the central rift graben from a shallow basement bench to the east [Davis and Villinger, 1992] . The thickness of the turbidite sediments ranges from over 1 km to the north to less than a hundred meters to the south with thinner sediments found to the east of the central fault [Davis and Villinger, 1992] . 
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Geosystems G 3 G [7] During ODP Legs 139 and 169, four sites were drilled in the eastern part of the valley to study various aspects of the hydrothermal system beneath the sediments Fouqet et al., 1998 ]. Site 855, located near the eastern boundary fault, recovered basaltic flows with minor alteration that characterize the low-temperature fluid recharge for the hydrothermal circulation. Sites 856 and 1035 were dedicated primarily to sampling the relict high temperature (350 -4008C) BHMS deposit. Results from two sampling transects revealed an $100 m thick, hemispherical shaped massive sulfide deposit underlain by a copper rich feeder zone. Mineralogical, textural, and geochemical studies indicate that the BHMS deposit formed by mineral precipitation near or above the seafloor, rather than by replacement of sediments.
[8] Site 858 is within the Dead Dog Vent field, a large active vent field discharging fluids as hot as 2768C from at least 20 active vents [Ames et al., 1993] . The vent field overlies a small basement high that acts to focus hydrothermal fluids to the Dead Dog vent field [Davis and Fisher, 1994] . Site 857, located $1.5 km south of the Dead Dog vent field, was designed to reach the permeable hydrological basement where high-temperature circulation was inferred to occur beneath an intact sediment cover. Drilling revealed that the perceived basement-sediment interface in seismic refraction records [Rohr and Schmidt, 1994] was the top of an extensive sequence of interbedded sills and turbidite sediments that must underlie much of the valley .
[9] The location of active high-temperature vents is evident in a map of heat flow in the valley (Figure 2 ). Although no active venting was found at the BHMS deposit, the smaller ODP and Lone Star vents 300-400 m south were actively venting high-temperature fluids ($2658C). At this site and at the Dead Dog vent field, a shallow subseafloor silicification zone forms a caprock for the present hydrothermal reservoir. This horizon divides the hydrothermal system into two nearly independent systems above and below the caprock [Stein et al., 1998; Stein and Fisher, 2001] . As noted in previous regional studies [e.g., Davis and Lister, 1977a] , heat flow in the valley is approximately inversely proportional to sediment thickness, suggesting that temperature variations at the basement-sediment interface are likely to be subdued as a result of circulation within the relatively permeable basement [Davis and Villinger, 1992; Bessler et al., 1994] . Earthquakes occurred primarily in large, tightly grouped swarms, but the swarms extended many kilometers from the vent field forming a ramp-like structure that deepened to the north to depths of 2.5 km (below seafloor) away from the vent field. These results suggest a large volume of rock provides heat for the fluids at the vent field.
Deep Tow Survey
[11] The gravity or magnetic signal from a twodimensional feature with a wavelength of L is attenuated by exp(À2pz/L), where z is the height of the observer above the source. Thus narrow geologic features with wavelengths shorter than the ocean depth will be so strongly attenuated as to be virtually undetectable from surface surveys. To examine the structure of the narrow ($100 m) BHMS deposit, we therefore towed an instrument package with both a magnetometer and gravimeter near the seafloor. The towed deep-ocean gravimeter was developed to enable high-resolution surveys of seafloor geological features [Zumberge et al., 1997] . The meter is towed 50-100 meters above the seafloor at a speed of 1.5 knots (0.77 m/s). The gravity results will be reported elsewhere. Here we report results obtained from a magnetometer towed above the gravimeter package.
[12] Both the magnetometer and gravimeter were deployed from the ship's 1.73 cm (0.680 inches) electrically conducting armored cable, via a telemetry interface (called the Deep Sea Instrument Interface, or DSII) (Figure 3 ). Control communications, the gravity and magnetic data, and acoustic navigation signals were multiplexed onto this cable along with power to the instruments. The DSII navigation package carried multiplexers and power separation electronics along with an acoustic interrogation transponder (10-12 KHz bandwidth) that was used to navigate the towed sensors. Acoustic transponders placed on the ocean bottom in the survey area exchanged signals with a transducer on the DSII to provide precise navigation of the package. The package also carried a CTD package. The height of the instrument over the seafloor was measured with a 3.5 kHz down-looking echo sounder on the DSII. The vertical position of the instrument was determined by recording pressure and converting to a depth assuming a seawater density profile.
[13] The deep tow magnetometer system was based on a low cost miniature angular orientation sensor built by Applied Physics Systems (model 544). The system consists of a three axis fluxgate magnetometer and a three axis accelerometer and was designed to provide roll, pitch, and azimuth from combinations of the accelerometer and magnetometer data. The specified fluxgate noise level and alignment are 0.4 nT and ±0.28. The direct magnetometer output (sampled at 2 -3 times per second) proved too noisy for direct detection of magnetic anomalies because of excessive motion of the magnetometer package during towing. To improve resolution of the magnetic anomalies the data were smoothed by applying a 100 s (full width, 6 sigma) Gaussian filter to the root mean square total field calculated from the raw data.
[14] The small size of the Bent Hill sulfide body and of other targets within Middle Valley made Geochemistry Geophysics Geosystems G 3 G accurate navigation of the tow body critical to the interpretation of the data. We deployed acoustic transponders on short moorings (100 m) at four sites within Middle Valley at the beginning of the cruise. The mooring locations were determined to within an absolute accuracy of a few meters by combining P-Code GPS ship locations and acoustic ranges between the ship and moorings obtained during an initial survey of the transponders. Throughout the cruise we navigated the ship and the tow fish by acoustic ranging between the DSII deep tow navigation package, the moorings, and a transducer mounted on the ship's hull. Ship and deep tow package positions were determined roughly every 1 min with an accuracy of a few meters during each tow.
[15] The magnetic data in this paper were obtained from three lowerings of the tow vehicle during a cruise on the R/V Thompson in July 1998. A constant depth of observation of 2420 m for the DSII was chosen for the bulk of the survey, with the intent that the gravimeter would never be closer than $20 m to the seafloor. The magnetometer was flown $30 m above the DSII (Figure 3 
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Geosystems G 3 G DSII depth constant as changes in the ship's speed caused slow fluctuations in wire angle. This was generally successful within a window of less than 10 m except during turns when the excursion in depth could exceed a few hundred meters. These depth excursions are not a significant problem for interpretation of the magnetometer data.
[16] We discovered through an analysis of cross over errors in the resulting smoothed data stream that there was an apparent dependence of the total field value on the azimuth (u) of the magnetometer. This heading dependence can be attributed to small errors (<0.2%) in the gain and orientation (<0.058) of the individual magnetometer components. In the data shown in this paper the azimuthal error has been removed by fitting sine and cosine components in azimuth to the data at the track crossing points, using only those crossovers where the difference in instrument elevation was <50 m. A small second harmonic in azimuth dependence was also observed in the cross over point data and terms in (cos(2u), sin(2u)) were fit and removed from the data. RMS cross over errors were reduced from 113 to 32 nT for tow 3 and from 197 to 48 nT for the first two tows. The first and second tows also exhibited an offset from tow 3 of 103 nT. Fortunately, the large number of track line crossings in this data set at a wide variety of headings (Figure 4 ) allows the azimuthal error to be accurately determined. The procedure is essentially a mathematical system of ''boxing'' the compass and is a useful technique to apply to any towed magnetic survey data. The IGRF field value at Bent Hill (48.458N, 128.688W) for 1998.6 of 54500 nT was subtracted from all total field data to calculate the magnetic anomalies.
Results Near Bent Hill
[17] The observed magnetic anomaly data from the combination of the three track lines is shown in Figure 4 . The ''race track'' character of the track lines is the result of trying to fly closely spaced track lines repeatedly over the vicinity of the Bent Hill massive sulfide (BHMS) deposit while holding long intervals of constant heading to obtain stable Eotvos corrections for the gravimeter. The magnetic anomaly is negative to the west of the eastern bounding faults, implying low magnetization beneath the sediments. The color scale in this figure has been chosen to emphasize anomaly variations within the sediment-filled valley and saturates above the strongly magnetized rocks outside of the graben that are associated with positive anomalies of several thousand nT. The Bent Hill sulfide mound is visible as a small local anomaly maximum near 128841
[18] The magnetic anomaly associated with the BHMS deposit is more easily seen in a higher resolution figure of the magnetic anomaly ( Figure 5 ). In this figure the field has been reduced to the pole, assuming the magnetization is entirely induced (i.e., ambient field and induced magnetization both have an azimuth of 0208 and an inclination of 698). The anomaly has been smoothed (gridded from continuous curvature splines in tension [Smith and Wessel, 1990] ) and interpolated to 10 m spacing. The amplitude (maximum $525 nT) and shape of the BHMS anomaly is well resolved by the ten track lines crossing the body. The outlines of the BHMS, ODP, and Bent Hill have been drawn on Figure 5 . The reduction to the pole realigns the magnetic anomaly to lie directly over the top (bathymetric expression) of the BHMS mound. The magnetic field profiles observed along north-south and east-west slices through the anomaly map show the Bent Hill anomaly is slightly wider in the north-south direction (190 m width at half amplitude) then in the east-west direction (150 m (Figure 6) ). The smaller ODP deposit $300 m south of Bent Hill is also seen in the figure as a small
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Geosystems G 3 G local magnetic anomaly high. The strong negative anomaly in a broad region around these small positive anomalies will be discussed in section 5. Bent Hill, a region of raised sediments above an instrusion, is not directly associated with a significant magnetic anomaly.
[19] The magnetic data constrain the width of Bent Hill sulfide body. With additional constraints on magnetization it would also be possible to constrain the volume, and more weakly, the depth of the body. Previous modeling has used this approach, incorporating limited drill core data from ODP Leg139 and assuming the sulfide mound had the simple geometry of a sphere or rod [Tivey, 1994a] . Additional drilling during ODP Leg 169 provides a more complete picture of the sulfide mound and allows us to more directly model the magnetic anomaly. The Bent Hill deposit is Color scale for anomaly data chosen to highlight variations within Middle Valley; note that anomalies above basement exposures in the east reach several thousand nT. Basement temperature contours from Davis and Villinger [1992] .
Geosystems G 3 G along east-west and north-south transects through the deposit from ODP Legs 139 and 169 [Fouqet et al., 1998; Zierenberg and Miller, 2000] . Figure 6 . Geometry of BHMS deposit and forward models of magnetic anomaly at two different altitudes.
(bottom) Geometry of the sulfide deposit along a W-E projection derived from drill core data [Fouqet et al., 1998 ]. The source for the magnetic models is a series of cylindrical disks (outline shown as dotted line) that approximate the shape of the BHMS deposit determined from drill core data. Inset shows magnetization for depth varying model. (middle) Comparison of observed near bottom anomaly (altitude of $70 m) with forward models generated using the cylindrical disk source. Observed N-S and E-W profiles are slices through the reduced to pole anomaly map ( Figure 5 ). (top) Forward model predictions for anomaly at 5 m above the seafloor using the same source.
Geosystems G 3 G and underpredict the width in the north-south direction. The predicted magnetic anomaly is necessarily circular since we began with a stack of circular disks. If we had started with a slightly non-radially symmetric body we could fit both axes more closely. The fit in the northsouth direction would also be improved by including the long wavelength field component associated with the surrounding and deeper structure.
[21] A magnetization of 5 A/m implies an average volume susceptibility of 0.11 SI units assuming an entirely induced magnetization in the ambient field of 54,500 nT. This value compares well with the average susceptibility measured on sulfide samples from ODP drill cores (arithmetic mean = 0.17 ± 0.15 SI; geometric mean = 0.08 SI [Körner, 1994] ). All samples from the sulfide mound contain predominantly pyrite (90%), with 2-10% magnetite and smaller amounts of hematite, pyrrhotite and other sulfides [Körner, 1994] . Because the susceptibility of both magnetite and pyrrhotite exceeds that of pyrite or hematite by $3 orders of magnitude [Hunt et al., 1995] , the susceptibility of these samples should predominantly be related to the proportion of magnetite and pyrrhotite. Moreover, hysteresis parameters suggest that the magnetite within the sulfide mound occurs primarily as coarse, multidomain grains (saturation remanence/saturation magnetization = 0.01 -0.15 [Kö rner, 1994] ). Although a significant remanent contribution to the anomaly cannot be excluded, these results suggest that the magnetization may be adequately modeled as entirely induced. The susceptibility of 0.11 S.I. suggests that the sulfide mound contains an average of $3.5% magnetite + pyrrhotite by volume.
[22] The magnetic anomaly (Figure 6 ) predicted by the uniform susceptibility model provides a close match, both in amplitude and shape, to the anomaly measured $70 m above the seafloor by the towed magnetometer. However, this model greatly underpredicts the anomaly (6000 nT) measured previously over the BHMS mound at a height of $5 m by a magnetometer on Alvin in 1990 [Tivey, 1994a] . Two additional deep tow profiles collected in 1988 reveal amplitudes of $600 nT at an elevation of 50 m and 1250 nT at 25 m above bottom [Tivey, 1994a] . These values are higher than would be predicted by our uniformly magnetized model for these elevations, even though neither near-bottom profile crossed the center of the sulfide mound. The magnetic anomaly data at 70 m and those collected by submersible much nearer the seafloor may be reconciled only if the upper, narrower portion of the sulfide mound has significantly higher magnetization than the deeper layers. This is consistent with the ODP results, which show a significant gradient in susceptibility with depth, with susceptibilities as high as 0.47 S.I. at the top of the deposit and much lower values deeper in the deposit [Körner, 1994] .
[23] Both the deep tow and the Alvin data may be fit using a linear gradient in magnetization from a value of 12 A/m at the top of the deposit tapering to 3 A/m at 30 m depth and with constant magnetization (3 A/m) below. The measurements from nearest the seafloor are controlled by the high magnetization shallow in the deposit, whereas the measurements from higher above the seafloor depend more on the average magnetization of the body (Figure 6 ). Any model with values near 12 A/m shallow in the deposit will fit the submersible data, and models with average magnetizations near 5 A/ m over the bulk of the deposit will fit the data from the 70 m tow. The magnetization of the deepest layers is only very weakly constrained by the data since these layers are farther from the magnetometer. The higher magnetization shallow in the deposit corresponds to a much higher fraction of magnetite and pyrrhotite
Geosystems G 3 G ($10% by volume), but this value is still within the range of values determined from the core material. Extensive low-temperature oxidation of pyrrhotite to an assemblage of pyrite + magnetite was noted in cores from the BHMS [Duckworth et al., 1994] . Although no systematic variation in the degree of oxidation with depth was evident, we speculate that enhanced seawater circulation in the upper portions of the deposit may have enriched magnetite relative to pyrrhotite. Because magnetite has a higher spontaneous magnetization and Curie temperature than pyrrhotite, oxidation to magnetite might be responsible for the enhanced magnetization of the upper portion of the deposit.
Hydrothermal Effects on Magnetization in Middle Valley
[24] Sea surface magnetic anomaly data reveal a broad magnetic low over Middle Valley, with higher values outside of the valley (Figure 7 ). Currie and Davis [1994] have reviewed the possible origins of this negative anomaly in Middle Valley. The Bruhnes-Matuyama boundary lies some 5 km beyond the valley boundary faults, and so this low is not the result of reversely magnetized crust. Rather, they associate the anomaly with very low magnetization of the crust below Middle Valley compared to typical oceanic ridge basalt. A model fit to the sea surface anomaly data places zero magnetization over an $13 km wide region beneath the valley with values near +14 A/m outside of the valley [Currie and Davis, 1994] .
[25] Two primary explanations have been advanced for low magnetization values, and correspondingly subdued anomaly amplitudes, in sedimented ridge environments (see review by Levi and Riddihough [1986] Levi and Riddihough [1986] , the existence of very low amplitude anomalies over crust as old as 3 Ma in sedimented areas such as the Gorda Ridge/Escanaba Trough and the Gulf of California argues against such thermal demagnetization as a general explanation. Moreover, low temperature (<1008C) alteration during the initial stages of burial [Davis and Wang, 1994] should have resulted in the transformation to cationdeficient titanomaghemites with higher Curie temperatures that would be less susceptible to such thermal effects [Levi and Riddihough, 1986] .
[26] A more likely cause for the absence of lineated magnetic anomalies over sedimented ridges is pervasive hydrothermal alteration under the thick sediment blanket [Levi and Riddihough, 1986] . Hydrothermal alteration results in the replacement of titanomagnetites by nonmagnetic phases (dominant volumetrically) and a smaller amount of magnetite [AdeHall et al., 1971; Pariso and Johnson, 1991; Fujimoto and Kikawa, 1989] . As a result of this hydrothermal alteration, remanence and saturation magnetization (a direct measure of the proportion of magnetite) can be reduced by an order of magnitude or more [Woolridge et al., 1990; Pariso and Johnson, 1991] with the remaining magnetic phase being near endmember magnetite [Shau et al., 1993] . Comparison of magnetizations of basalt samples Valley basalts. A small number of samples from the eastern site are characterized by high magnetization ($10 A/m) and cation-deficient titanomaghemites similar to basalts from nonsedimented ridges [Fukuma et al., 1994] . In 
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Geosystems G 3 G contrast, samples from Sites 857 and 858 have substantially lower magnetizations ($0.1 A/m) carried predominantly by pure magnetite [Fukuma et al., 1994; Fouqet et al., 1998 ].
[27] The degree of alteration of basement rocks might be expected to vary greatly because there are large spatial variations in heat flow within Middle valley (Figure 2) . A direct extrapolation from surface heat flow measurements to basement depths predicts temperatures varying by more than 2008C at the sediment basement interface and temperatures exceeding 4008C at the basement beneath both Dead Dog and Bent Hill (Figure 4 ) [Davis and Villinger, 1992] .
Elsewhere beneath Middle Valley, these extrapolated basement temperatures range mostly between 1008 and 2008C, with values <1008C more typical for the shallow basement to the east of the eastern bounding faults (variations in basement depth are shown in Figure 8a ). This method yields accurate basement temperatures only if vertical conduction is the dominant mechanism of heat loss and if the physical properties of the sediments and the thickness of the sediments are well known. In areas with high heat flow (>1 W/m 2 ) where hydrothermal discharge occurs, both nonvertical heat conduction and advective transport will modify the temperature field, and basement temperature estimates are likely to be erroneous [Davis and Villinger, 1992] .
[28] Although the pattern of temperatures at the basement-sediment interface shown in Figure 4 may be qualitatively correct, subsequent results suggest that present-day maximum temperatures in the hydrothermal reservoir beneath both Dead Dog vent field and the ODP mound south of Bent Hill are somewhat lower. The temperature of fluids currently venting at these two sites are $2758C [Ames et al., 1993; Zierenberg and Miller, 2000] . This value is close to that inferred for the reaction zone in the sill/sediment complex (250-3008C [Stakes and Schiffman, 1999; Peter et al., 1994] ). Davis and Wang [1994] estimate a temperature at top of the shallowest sill to be $2808C from extrapolation of the gradient seen in the top of Hole 857D south of Dead Dog. Basement temperatures comparable to that of the active vents (250-2808C) have also been estimated for Hole 857C using the observed heat flow and grain conductivities of 2.6-3.2 W/m8K [Villinger et al., 1994] . The consistency of these temperature estimates suggests that basement temperatures in the immediate vicinity of both Dead Dog and Bent Hill are presently 250-2808C.
[29] Lateral variations in basement temperatures are also likely to be less than inferred from the extrapolated heat flow data. The general inverse correlation between heat flow and sediment thickness is thought to reflect a variable thickness, low permeability sediment blanket overlying a highly permeable and approximately isothermal basement [Davis and Lister, 1977b] . This model is supported by the small variations in basement temperature (108-208C) inferred for the eastern flank of the Juan de Fuca Ridge, where heat flow is well correlated with basement topography [Davis et al., 1989] . The more pronounced basement relief in Middle Valley (Figure 8a ) is likely to result in somewhat more heterogeneous basement temperatures (variation of 308-608C [Bessler et al., 1994] . We therefore suggest that the temperature of basement in Middle Valley
Geosystems G 3 G may vary considerably and that the isotherms in Figure 4 provide a reasonable qualitative description of this temperature distribution.
[30] Because higher temperatures are likely to be associated with more pervasive hydrothermal alteration and will also facilitate thermal demagnetization, one might expect that variations in basement temperatures would also be reflected in the pattern of basement magnetization. However, previous sea surface magnetic anomaly surveys have insufficient resolution to discern whether significant variations in magnetization might be associated with variable degrees of alteration within the valley. The coarse spacing of survey lines ($10 km) in this region, together with the inherent loss of short wavelength information in sea surface anomaly data, allows only broad scale features of the crustal magnetization to be determined. Figure 4 were smoothed using a 100 m block median filter and gridded using continuous curvature splines under tension [Smith and Wessel, 1990] . The magnetic source was a constant thickness (0.5 km) layer draped beneath the sediment-basement interface. The inversion was carried out assuming an ambient field direction from the IGRF at the site (006/69) and a remanent magnetization expected from an axial geocentric dipole (000/66). The passband for this analysis was 1-20 km (wavelength) with tapers between 20 and 10 km and between 2 and 1 km. The original data are reflected into adjacent quadrants to reduce wrap-around effects at the edges. The magnetometer tows were sufficiently level that the tow depth could be assumed to be constant in the inversion without significant error. Sufficient magnetic annihilator has been added to the solution to make the magnetizations positive everywhere. Locations of ODP drill sites (circles) and near bottom survey tracks are shown for reference.
Geosystems G 3 G On the basis of the sea surface anomaly data, Currie and Davis [1994] have modeled the Middle Valley anomaly low as a broad zone of essentially nonmagnetic crust. Our nearbottom magnetic anomaly data allow us to evaluate whether the hydrothermal alteration in this area has uniformly reduced the magnetization.
[31] The deep tow magnetic field data ( Figure  4) show large variations over Middle Valley with some of the lowest field values associated with the Dead Dog vent field and with the region around the BHMS deposit. These anomaly variations are the result of both varying seafloor magnetization as well as differences in the depth to the magnetized basement. There is more than 1 km of topography on the basement-sediment interface associated with the large normal faults within the valley (Figure 8a ). To account for this variable altitude above the magnetic source, we have inverted for the magnetization within a uniform thickness layer (500 m) draped from the sediment-basement interface [Parker and Huestis, 1974] . We have calculated the annihilator [Parker and Huestis, 1974; Blakely, 1995] for this basement topography and added a sufficient multiple of it to the inversion so that magnetization is everywhere positive, consistent with the location of Middle Valley entirely within the Brunhes. Adding the minimum annihilator for positivity also results in magnetizations as high as $14 A/m east of the boundary faults. This value is well within the range of magnetization determined from comparable age basalts samples from the Juan de Fuca [e.g., Johnson and Holmes, 1989; Fukuma et al., 1994] and is consistent with magnetizations inferred from regional magnetic inversions [Tivey, 1994b] .
[32] Because our data coverage is sparse, some care should be exercised in interpreting the resulting magnetization solution (Figure 8b ).
The inversion depends on Fourier methods, and there are obvious problems with Gibbs phenomena (ringing and overshoot) particularly in regions without data. The map produced by the inversion procedure can only be usefully interpreted in regions near deep tow lines. We apply spatial filtering to accommodate the very nonuniform distribution of data in space, but the results depend on the passbands of the spatial filter used in the analysis. Even with this filtering, the large field gradient over the eastern faults generates large oscillations (ringing) in the eastern edge of the inversion. The labels for the Dead Dog and Bent Hill vent fields obscure two sections of the inversion, which are completely unconstrained by data. Despite these problems, we believe the inversion is useful in the densely sampled center section of the model between 48825 0 N and 48828 0 N.
[33] Our inversion solution (Figure 8b ) suggests that magnetizations within Middle Valley are not uniformly near zero, as had been inferred from analysis of the sea surface anomaly pattern [Currie and Davis, 1994] . Some ridge-parallel patterns in the magnetization solution (e.g., near the eastern boundary fault) are closely related to basement structures, and variations in geochemistry, paleofield, or source layer thickness may also contribute to the complex magnetization pattern. However, we interpret this magnetic heterogeneity as reflecting primarily differences in the degree of hydrothermal alteration. For example, a large region around the Bent Hill sulfide mound is characterized by near zero magnetization (<3 A/m), suggesting that this area was extensively altered in the process that formed the deposit. Similarly, low magnetizations inferred from a narrow magnetic anomaly low near the TAG hydrothermal field have also been interpreted in terms of pervasive hydrothermal alteration [Tivey et al., 1993] . The magnetization beneath Dead Dog
Geosystems G 3 G vent field is also very low, although perhaps slightly higher than that seen under Bent Hill, with values between 3 and 4 A/m reflecting a somewhat lower integrated degree of alteration of the basement rocks. The remainder of the region between the central graben fault and the eastern boundary faults has low but finite magnetization of between 4 and 6 A/m.
[34] Substantially higher magnetizations ($10 A/m) are present west of the central graben fault. Although the extent of track lines is limited, all deep tow profiles in this region show little variation across and to the west of the Dead Dog vent field (Figure 4 ). These higher magnetization values are primarily the result of the much greater depth to basement west of the central fault in Middle Valley (sediment thickness rapidly increases to more than 1 km west of this fault). The higher magnetization in the down dropped block west of the central fault suggests these rocks may have experienced lower temperature or shorter duration hydrothermal alteration and consequently less reduction in magnetization.
[35] Although the difference in magnetization inferred for Bent Hill and Dead Dog is small, we suggest that the lower magnetization surrounding Bent Hill is significant and that it reflects more intense hydrothermal alteration resulting from the higher paleotemperatures associated with this sulfide deposit. Presentday basement temperatures are similar at both Bent Hill and Dead Dog, and so it is unlikely that the difference in magnetization is due to differences in the degree of thermal demagnetization. Alteration mineral assemblages, oxygen isotopic data, and fluid inclusion studies all yield a remarkably consistent estimate of maximum alteration temperatures ($2758C) for samples from Sites 857 and 858 [Stakes and Schiffman, 1999] . Together with the absence of significant sulfide accumulations, these data indicate that basement temperatures surrounding the Dead Dog vent field were never much above 2758C [Davis and Fisher, 1994] . In contrast, the fluids responsible for the massive sulfide accumulation at Bent Hill had substantially higher temperatures (350-4008C [Goodfellow and Peter, 1994; Peter et al., 1994] ). We suggest that the higher fluid temperatures associated with the Bent Hill sulfide deposit and/or more protracted exposure to hydrothermal fluids have resulted in more intense hydrothermal alteration and hence a lower average magnetization than evident near the Dead Dog vent field.
[36] The magnetization of basement beneath the Dead Dog vent field (Site 858) is nominally lower than that near Site 857. This contrast is surprising because these two areas are presently hydrologically connected and have experienced similar alteration conditions [Davis and Fisher, 1994] . Moreover, sills at Site 857 are more pervasively altered than are corresponding basement samples from Site 858 [Stakes and Schiffman, 1999] . From these observations, one might expect that magnetizations near Site 858 would be higher than near Site 857. Despite the similarity of present alteration conditions at the two sites, we suggest that the lower magnetization at Site 858 may reflect a higher integrated degree of alteration. [37] There are a few additional features in the inversion solution that are worth noting. The very low magnetization around Bent Hill extends to the ESE to a point directly adjacent to the normal fault bounding the valley. No significant heat flow anomaly is currently seen above the site, but the magnetic anomaly low is clearly seen on all three deep tow tracks crossing overhead (Figure 4) , although Fourier edge effects may result in an overprediction of this magnetization low (make it more negative than it is) in the inversion solution. We suggest that this region must have experienced an episode of high-temperature alteration and that some 
